We review measurements of semileptonic and leptonic charm meson decays performed by the Belle experiment, and we use these results to estimate the sensitivity of the follow-on Belle II experiment to these decays.
Introduction
Semileptonic and leptonic D meson decays are easier to understand theoretically than hadronic decays, as the hadronic uncertainties factorize. They are also straightforward to measure at an e + e − experiment due to low backgrounds and good detector hermeticity. They have been studied at experiments CLEOc [1], BESIII [2], Belle [3] , and Babar [4], and they constitute an important part of the physics program of Belle II [5] . The Belle II experiment runs at the SuperKEKB accelerator at the KEK laboratory in Japan and is the follow-on experiment to Belle. The accelerator collides 4 GeV/c positrons with 7 GeV/c electrons; the center-of-mass energy is tuned to be at the Υ(4S) resonance in order to produce copious amounts of B mesons via e + e − → Υ(4S) → BB. The Belle II detector is now being commissioned and will begin taking physics data in the spring of 2019. In this paper we review measurements of leptonic and semileptonic charm decays made by the preceding Belle experiment, and we use these results to estimate the expected sensitivity of Belle II.
Leptonic decays
The partial width Γ(D + (s) → + ν) [6] is given by the formula [7] Γ(D
where f D (s) is the D + (s) decay constant, and V cx is the Cabibbo-KobayashiMaskawa (CKM) matrix element V cs for D + s decays and V cd for D + decays [8] . The decay constant f D (s) parameterizes the hadronic matrix element 0|H|D [11, 12] .
Inserting these values gives
where the first error is experimental and the second is from theory. Alternatively, inserting more recent (and precise) lattice QCD results f Ds = (249.9 ± 0.4) MeV and f D = (212.7 ± 0.6) MeV from the Fermilab/MILC Collaboration [13] 
These values are consistent with those calculated from lattice QCD.
------ [15] . The analysis proceeds in four steps:
c decay is reconstructed on the "tag-side" of an event, i.e., recoiling against the signal-side D + s → µ + ν decay. To conserve strangeness, a K ± or K 0 S is also required on the tag side. If a Λ + c decay were reconstructed, then ap is required to conserve baryon number.
2. a "fragmentation system" (X frag ) is constructed from 1-3 π ± tracks and 0-1 π 0 candidates. From the measured four-momenta P , a "missing mass" P 2 miss = (P e + + P e − − P tag − P K − P X frag ) 2 is calculated and required to be within 3σ in resolution of M (D * + s ).
3. a low-momentum γ is required, presumably originating from D * + s → D + s γ, and the missing mass (P e + + P e − − P tag − P K − P X frag − P γ ) 2 is calculated. This distribution should peak near M (D + s ) for signal decays, and it is fitted to obtain an inclusive D + s signal yield.
4. a high mometum µ + pointing to the interaction point is required, and the missing mass (P e + + P e − − P tag
is calculated. This distribution should peak at m ν ≈ 0 for signal decays; it is fitted to obtain the exclusive
The results of the third step are shown in Figs. 2a,b for the two simplest X frag systems. Fitting these distributions (and also those of the other X frag systems) yields 94360 ± 1310 (stat.) ± 1450 (syst.) inclusive D + s decays. The result of the last step is shown in Fig. 2c ; fitting this distribution yields 492 ± 26 D + s → µ + ν decays. This method can also be used at Belle II. As the Belle measurement is limited by statistics rather than systematics, we scale the event yields obtained by Belle by the ratio of luminosities. The result is 5.2×10 6 inclusive D + s decays, and 26900 exclusive D + s → µ + ν decays, in 50 ab −1 of Belle II data. The latter sample should yield statistical errors of δ|V cs | = 0.003 and δf Ds = 0.8 MeV, which are similar to the current theoretical errors arising from lattice QCD.
A similar analysis was performed at Belle for D + s → τ + ν decays [15] . In this case a yield of 2217 ± 83 exclusive decays were obtained. Scaling this yield by the ratio of Belle and Belle II luminosities yields 121400 D + s → τ + ν decays in 50 ab −1 of Belle II data. This sample size should give errors of δ|V cs | = 0.0014 and δf Ds = 0.4 MeV, which are twice as precise as the corresponding measurements from D + s → µ + ν. For D + → µ + ν decays, Belle did not collect enough data to observe this mode. For Belle II, a Monte Carlo (MC) simulation study [16] indicates that 1250 exclusive D + → µ + ν decays would be reconstructed in 50 ab −1 of data. The corresponding missing mass distribution is shown in Fig. 2d . This signal yield should result in a statistical error δ(f D ·|V cd |) = 0.68 MeV, which is well below the current errors from CLEOc (2.0 MeV) [17] and BESIII (1.2 MeV) [18] .
Semileptonic decays
For semileptonic decays D → K + ν and D → π + ν, the differential partial width to lowest order in m 2 is [19] 
where h = K or π, p * is the magnitude of the K or π momentum in the D rest frame, and f + (q 2 ) is a form factor evaluated at
The form factor parameterizes the hadronic matrix element h|H|D and is often modeled with a simple pole:
. One thus fits the data at several values of q 2 to determine the normalization f + (0)|V cx | and the parameter m pole .
HFLAV has calculated WA values of f + (0)|V cx | using relevant experimental measurements. The results are [20] f K + (0)|V cs | = 0.7226 ± 0.0022 ± 0.0026 s → µ + ν decays using 913 fb −1 of data for two fragmentation systems X frag = nothing (left) and X frag = π ± (right) [15] . Bottom left: missing mass (P e + + P e − − P tag − P X frag − P γ − P µ ) 2 from the same Belle analysis.
The peak at zero corresponds to the undetected neutrino from D + s → µ + ν. Bottom right: missing mass (P e + + P e − − P tag − P X frag − P π 0 − P µ ) 2 from a Belle II MC study of D * + → D + π 0 , D + → µ + ν decays corresponding to 5.5 ab −1 of data [16] . A significant signal peak is visible.
where the first error is experimental and the second is from theory. The Flavor Lattice Averaging Group [10] quotes results f K + (0) = 0.747 ± 0.019 and f π + (0) = 0.666 ± 0.029 as calculated by the HPQCD Collaboration [21, 22] . Inserting these values gives |V cs | = 0.967 ± 0.005 (exp.) ± 0.025 (theory) (9) |V cd | = 0.2141 ± 0.0029 (exp.) ± 0.0093 (theory) .
These values have smaller experimental errors than those obtained from D + (s) → + ν decays, but the theory errors are larger. This reflects the fact that experiments reconstruct much larger samples of semileptonic decays than purely leptonic decays, but lattice QCD calculations of f + (0) are less precise than calculations of f D (s) . A comparison of the different methods made by HFLAV is shown in Fig. 3 . A recent calculation [23] of the CKM matrix elements using lattice QCD results that account for the q 2 dependence of f + [24] gives |V cs | = 0.970 ± 0.033 and |V cd | = 0.2341 ± 0.0074. These values are consistent with results (9) and (10). ------Belle has measured semileptonic D * + → D 0 π + , D 0 → (K, π) − + ν decays using 282 fb −1 of data [25] . This analysis proceeds in four steps as done for the Belle D + s → + ν analysis: 1. a D ( * )0 or D ( * )+ decay is reconstructed on the tag-side of an event.
2. a fragmentation system X frag is constructed from remaining π ± tracks, K ± tracks (an even number), and π 0 candidates. The missing mass M miss = (P e + + P e − − P tag − P X frag ) 2 is calculated, and a kinematic fit is performed subject to the constraint M miss = M (D * ). The resulting confidence level of the fit is required to be > 0.1%, which corresponds to M miss being within 3.3σ of M (D * ).
3. a low-momentum π + is selected from among remaining tracks, presumably originating from D * + → D 0 π + , and the missing mass M miss = (P e + + P e − − P tag − P X frag − P π + ) 2 is calculated. A kinematic fit subject to the constraint M miss = M (D 0 ) is performed, and the resulting confidence level is required to be > 0.1%. The M miss distribution is fitted to obtain an inclusive D 0 signal yield.
4. a K − or π − track, and also a µ + or e + track, are required. No additional (signal candidate) tracks are allowed. The missing mass squared (P e + + P e − − P tag − P X frag − P π + − P + − P (K,π) − ) 2 is calculated. For signal decays this quantity should equal |m ν | 2 , and thus it is required to be < 0.05 GeV 2 /c 4 .
The signal yields are obtained after subtracting backgrounds. The results are 2567 ± 52 (stat.) ± 26 (syst.) D 0 → K − + ν decays, and 232 ± 17 (stat.)
This method can also be used at Belle II. As the Belle measurement was statistics-rather than systematics-limited, we simply scale the event yields obtained by Belle by the ratio of luminosities. The results are 455000 D 0 → K − + ν decays and 41100 D 0 → π − + ν decays in 50 ab −1 of Belle II data. An MC study of semileptonic decays in Belle II [16] confirms that these analyses should have very low backgrounds and be statistics limited; see 
+ ν decays corresponding to 1 ab −1 of data [16] . The peak at zero results from the undetected neutrino. For this study only a single tag mode (D 0 → K − π + ) and a single fragmentation system (X frag = π ± ) were reconstructed.
D 0 → {nothing} decays
In addition to measuring leptonic and semileptonic decays, Belle II can search for the flavor-changing neutral current decay D 0 → νν, or more empirically, D 0 → {nothing}. The SM rate is negligibly small (1.1 × 10 −30 [26] ), and thus any evidence for this decay would indicate new physics. Belle searched for this decay using 924 fb −1 of data [27] , and an analysis at Belle II would proceed in a similar manner. As done for the Belle analyses of leptonic and semileptonic decays, this analysis first reconstructs a tag-side D ( * ) decay. It then identifies a π + candidate originating from a signal-side D * + → D 0 π + decay; all remaining tracks are considered the fragmentation system X frag . The missing mass (P e + + P e − − P tag − P X frag ) 2 is calculated and required to be near M 2 (D * ). The signal yield is calculated by simultaneously fitting two distributions: the "D 0 missing mass"
(P e + + P e − − P tag − P X frag − P π + ) 2 , and the distribution of excess energy deposited in the electromagnetic calorimeter (ECL), i.e., energy clusters unassociated with any track. These distributions are shown in −1 of data [27] . Left: missing mass (P e + + P e − − P tag − P X frag − P π + ) 2 .
Right: excess energy deposited in the electromagnetic calorimeter (ECL), i.e., ECL energy unassociated with any track. The D 0 → νν signal yield (shown in red) is obtained by simultaneously fitting both distributions.
Summary
Belle II will measure leptonic D + (s) → + ν decays and semileptonic D 0 (s) → (K, π) − + ν decays using methods developed and refined at Belle and BaBar. In this paper we have reviewed several Belle analyses of these decays and used the results to estimate the sensitivity of Belle II. As these measurements are dominated by statistical uncertainties, our estimates are based on scaling the Belle signal yields by the ratio of luminosities of Belle and Belle II.
The decays D + s → + ν and D + → + ν constrain the products f Ds |V cs | and f D |V cd |, respectively, and the decays D → K + ν and D → π + ν constrain the products f K + (0)|V cs | and f π + (0)|V cd |, respectively. Taking decay constants f Ds and f D and form factor normalizations f K + (0) and f π + (0) from lattice QCD calculations, one can constrain CKM elements |V cs | and |V cd |. In this manner one tests CKM unitarity and the SM paradigm. Current results show consistency with unitarity. As Belle II plans to record 50 ab −1 of data, i.e., ∼ 50 times the sample size recorded by Belle, the resulting errors on |V cs |, |V cd | should be reduced by a factor of √ 50 ≈ 7. Belle II will also search for the flavor-changing neutral-current decay D 0 → νν. The full data set of Belle II should yield 7 times the sensitivity of Belle, and possibly much larger, depending on improvements in detector performance and reconstruction algorithms.
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